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Behavioural variant frontotemporal dementia is a neurodegenerative disorder with dysfunction and atrophy of the frontal lobes 
leading to changes in personality, behaviour, empathy, social conduct and insight, with relative preservation of language and 
memory. As novel treatments begin to emerge, biomarkers of frontotemporal dementia will become increasingly important, 
including functionally relevant neuroimaging indices of the neurophysiological basis of cognition. We used magnetoencephalo- 
graphy to examine behavioural variant frontotemporal dementia using a semantic decision task that elicits both frontal and 
temporal activity in healthy people. Twelve patients with behavioural variant frontotemporal dementia (age 50-75) and 16 
matched controls made categorical semantic judgements about 400 pictures during continuous magnetoencephalography. 
Distributed source analysis was used to compare patients and controls. The patients had normal early responses to picture 
confrontation, indicating intact visual processing. However, a predominantly posterior set of regions including temporoparietal 
cortex showed reduced source activity 250-310 ms after stimulus onset, in proportion to behavioural measures of semantic 
association. In contrast, a left frontoparietal network showed reduced source activity at 550-650 ms, proportional to patients' 
deficits in attention and orientation. This late deficit probably reflects impairment in the neural substrate of goal-oriented 
decision making. The results demonstrate behaviourally relevant neural correlates of semantic processing and decision 
making in behavioural variant frontotemporal dementia, and show for the first time that magnetoencephalography can be 
used to study cognitive systems in the context of frontotemporal dementia. 

Keywords: frontotemporal; dementia; semantic decision; picture categorization; magnetoencephalography 
Abbreviations: FTD = frontotemporal dementia 



Introduction 

Behavioural variant frontotemporal dementia (FTD) is character- 
ized by changes in personality, behaviour and emotion and by 



impairments of executive function. The underlying pathology is 
heterogeneous and difficult to determine ante-mortem in the ma- 
jority of cases that lack a known genetic basis for familial FTD. 
Neuroimaging studies of behavioural variant FTD have shown 
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marked atrophy of the frontal cortex, and to a lesser extent atro- 
phy of the anterior temporal pole (Rosen et al., 2002; Salmon 
et al., 2003, 2006; Williams et al., 2005; Perry et al., 2006; 
Peters et al., 2006; Whitwell et al., 2009). Brain hypometabolism 
broadly mirrors this pattern of progressive atrophy in behavioural 
variant FTD (Du et al., 2006; Kipps et al., 2009; Dukart et al., 
2010; Hu et al., 2010). 

In addition to structural and metabolic neuroimaging biomark- 
ers, it is important to characterize the associated functional 
changes of behavioural variant FTD neurodegeneration. For ex- 
ample, functional MRI in the resting state is beginning to deter- 
mine the changes in regional interactions and the relationship to 
underlying atrophy (Seeley et al., 2009; Zhou et al., 2010). It is 
also necessary to consider the impact of FTD on networks under- 
lying specific cognitive operations. This approach has been taken 
with primary progressive aphasia for example (Sonty et al., 2007). 
The lack of functional neuroimaging studies of behavioural variant 
FTD, in comparison with other major neurodegenerative diseases, 
may be in part because complex paradigms and functional MRI 
are not suitable for many patients with behavioural variant FTD. 
Nonetheless, such neurophysiological markers of frontotemporal 
cortical function, in conjunction with neuropsychological assess- 
ments, could become important biomarkers for the evaluation of 
disease-modifying and symptomatic treatments for FTD. These 
markers would be especially relevant where treatments enhance 
the efficacy or activity of surviving neurons without affecting es- 
tablished atrophy. 

This study used magnetoencephalography to study FTD. 
Neuroimaging by magnetoencephalography has several potential 
advantages as a safe, non-invasive imaging technique with which 
to probe dynamic cognitive processes in health and neurodegen- 
erative disease. Magnetoencephalography has high temporal reso- 
lution (milliseconds) while retaining sufficient spatial resolution to 
detect the regional scale of effects resulting from neurodegenera- 
tive diseases, including behavioural variant FTD. In addition, the spa- 
tial resolution is superior to electroencephalography, and mapping the 
sensor data back to brain (the 'inverse problem') is more tractable 
and less sensitive to changes in the boundary between cortex and 
CSF. Moreover, the sitting posture and lack of distraction by scanner 
noise are helpful to some patients, in comparison with functional 
MRI. Despite the infrastructural cost of magnetoencephalography 
facilities, it is therefore a potentially promising tool to study neu- 
rodegenerative disease and response to experimental therapies. 

In order to examine frontotemporal deficits in patients, we chose a 
semantic categorization task, for two main reasons. First, it involves 
an interaction between frontal and temporal sources in healthy 
adults. This frontotemporal functional anatomy of the task makes it 
ideally suited to study the consequences of behavioural variant FTD, 
providing a model system within which to evaluate magnetoence- 
phalography in the context of behavioural variant FTD. Second, func- 
tional imaging requires a task that patients can actually perform, 
which typically will differ from tasks with maximum sensitivity for a 
given dementia syndrome (cf. Price and Friston, 1999). The simplicity 
of instructions and the familiarity of picture stimuli used in this study 
were intended to enable sustained task engagement. 

Semantic categorization tasks require a decision or response- 
selection based on the properties and associations of an object 



(e.g. 'is this a picture of a man-made object?'). Such tasks reliably 
activate both frontal and temporal cortex in functional MRI 
(Thompson-Schill et al., 1997), magnetoencephalography and 
electroencephalography (Vihla et al., 2006) in healthy volunteers. 
We expected that patients with behavioural variant FTD could 
engage with a simple semantic categorization task even though 
behavioural deficits in language, naming and semantics occur in 
behavioural variant FTD. Although, with the exception of verbal 
fluency, language impairments are less severe than changes in 
behaviour, empathy or inhibition, and may be absent (Cotelli 
et al., 2006; Libon et al., 2007; Torralva et al., 2009; Davis 
et al., 2010). Using magnetoencephalography, Vihla et al. 
(2006) reported that semantic and visual picture confrontation 
tasks consistently activate several cortical sources in sequence. 
These included bilateral occipital sources with peak activity at 
~120ms, bilateral parietal sources that peak at 280 ms, left tem- 
poral sources that peak after 250 ms and bilateral frontal sources 
that peak after 400 ms. Semantic categorization, therefore, provides 
the necessary features with which to evaluate the neurocognitive 
effects of behavioural variant FTD, using magnetoencephalography. 

Similar series of regional early time courses have been observed 
in picture naming tasks. In a review of visual processes following 
picture presentation, this set of regions is typically identified over 
and above activations associated with word generation or overt 
responses (Indefrey and Levelt, 2004). The time courses between 
naming and semantic decision making tasks were similar, partly 
because semantic information can be accessed automatically from 
the global features of the objects depicted (Levelt et al., 1998; 
Vihla et al., 2006). Principal cortical sources include occipital 
cortex, fusiform gyrus, inferior temporal gyrus, inferior frontal 
gyrus and middle cingulate cortex. The temporal information avail- 
able from magnetoencephalography and electroencephalography 
also reveals a characteristic cascade of information processing, 
which is not accessible from other methods such as PET, functional 
MRI or behavioural analysis. For example, occipital activity peaks 
between 100 and 200 ms, parietal cortex at ~150ms and between 
250 and 300 ms and temporal peaks ~250ms and 370 ms (Levelt 
et al., 1998; Vihla et al., 2006; Liljestrom et al., 2009). Frontal 
cortical activation is seen later, typically after 400ms (Levelt et al., 
1998; Vihla et al., 2006; Liljestrom et al., 2009). 

We predicted that early cortical responses in occipitotemporal 
cortex would be unaffected by behavioural variant FTD, providing 
an internal control condition. However, we predicted that later 
responses related to semantic decision making and response selec- 
tion would be abnormal: in temporal cortex (250 ms after onset) 
and frontal cortex (after 400 ms). Further, we predicted that the 
deficits in temporal and frontal cortex would correlate with disease 
severity, including measures of semantic knowledge and attention. 

Materials and methods 

Subjects 

Thirteen patients (aged 42-68 years, eight males, mean age 60 years) 
were recruited from a specialist early dementia clinic, with behavioural 
variant FTD diagnosed according to the consensus criteria, with 
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additional criteria of abnormal structural or functional brain imaging, 
and evidence of continuing progression after diagnosis, to exclude 
those with non-progressive 'phenocopies' of behavioural variant FTD 
(Neary et al., 1998; Rascovsky et al., 2007; Kipps et al., 2010). One 
patient was excluded for poor magnetoencephalography data quality. 
Patient details are summarized in Table 1. Sixteen healthy older adults 
(aged 52-72 years, six males, mean age 61 years) were recruited from 
the healthy volunteer panel of the Medical Research Council Cognition 
and Brain Sciences Unit. No subjects in the control group had a history 
of significant neurological, rheumatological or psychiatric illness, and 
none had any cognitive complaints. The study was given a favourable 
opinion by the local Research Ethics Committee. 

Behavioural assessments 

Patients underwent neuropsychological assessment including the 
100-point revised Addenbrooke's Cognitive Examination (Revised) as 
a general measure of cognitive function, (Mioshi et al., 2006), which 
includes an attentional subscale and the 30-point Mini-Mental State 
Examination; the Camel and Cactus task, which provides a measure of 
semantic association (Bozeat et al., 2000); and the Graded Naming 
task as a measure of picture naming (McKenna and Warrington, 
1980). Three patients were either unable or unwilling to complete the 
Camel and Cactus and two did not complete the Graded Naming task. 
Caregivers completed the Cambridge Behavioural Inventory, which 
provides an assessment of the severity of behavioural symptoms 
(Wedderburn et al., 2008). Summary details of test scores are pro- 
vided in Table 1. 

Task 

The picture categorization task used was adapted from two earlier 
studies examining semantic decisions (Thompson-Schill et al., 1997; 
Vihla et al., 2006) and presented using E-prime 1.1 software (www 
.pstnet.com) in Windows XP (www.microsoft.com). Participants made 
categorical semantic judgements about line drawing pictures of 
common objects, deciding if the objects depicted were large or small 
(with reference to a shoe box size), manmade or natural (Fig. 1). 



The test pictures were of 200 common objects and selected from 
the International Picture Naming Projects database, matched for ac- 
curacy of responses and frequency (Szekely et al., 2005). The pictures 
were presented in four successive blocks of 100 and throughout each 
block the same judgement was made. Each picture was presented 
twice — once in a small or big judgement block and once in a man- 
made or natural block. The task was trained with verbal instructions, 
reinforced by the keywords on screen. During magnetoencephalography, 




Yes BIG? No 

Yes SMALL? No 

Yes NATURAL? No 

Yes MANMADE? No 



S-' v 

300ms 400-600ms 



Y 

1500ms 



Figure 1 Examples of different trial types. A picture was pre- 
sented for 300 ms, followed by a variable delay of 400-600 ms 
in which the decision, but not a response, was made. At the end 
of the delay period, subjects were prompted to make a yes/no 
response using right-hand buttons. The required judgement 
was displayed again as a reminder at the response stage 
and remained constant throughout blocks of 100 stimuli. 



Table 1 Details of patients with behavioural variant FTD 



Subject 


Age 


M/F 


Onset 
age 


Diagnosis 
years 


AAAASE 


ACE-R subscales 
Total Attention 


Memory 


Fluency 


Language 


VSp 


Camel and 
Cactus (%) 


GNT 


CBI 


1 


42 


F 


38 


3 


20 


49 


16 


6 


1 


18 


8 


81.3 


16 


120 


2 


60 


F 


58 


2 


30 


89 


18 


20 


9 


26 


16 


92.2 


24 


87 


3 


62 


F 


58 


4 


24 


70 


15 


22 


2 


21 


10 


75 


18 


59 


4 


63 


F 


61 


2 


26 


84 


17 


24 


4 


23 


16 


65.6 


18 


37 


5 


60 


F 


57 


3 


19 


50 


13 


8 


1 


18 


10 


57.8 


6 


61 


6 


65 


M 


62 


2 


27 


71 


18 


19 


6 


20 


8 


X 


19 


65 


7 


59 


AA 


57 


2 


26 


70 


15 


18 


4 


23 


10 


X 


X 


156 


8 


68 


M 


64 


4 


21 


72 


14 


16 


5 


23 


14 


X 


X 


146 


9 


57 


M 


61 


7 


23 


69 


15 


13 


8 


20 


13 


87.5 


19 


76 


10 


51 


AA 


42 


8 


22 


76 


13 


17 


4 


26 


16 


98.4 


24 


212 


11 


62 


M 


56 


5 


14 


33 


9 


0 


0 


9 


15 


76.6 


17 


130 


12 


68 


M 


61 


7 


27 


85 


17 


22 


11 


22 


13 


92.2 


14 


48 


Averages 
































59.8 




56.5 


4.1 


23.3 


68.2 


15.0 


15.4 


4.6 


20.8 


12.4 


80.7 


17.5 


99.8 



ACE-R = Addenbrooke's Cognitive Examination (Revised); CBI = Cambridge Behavioural Inventory; GNT = Graded Naming Task; AAAASE = AAini-AAental State Examination; 
VSp = visuospatial subscale; x = score not available. 
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each block started with a written and verbal instruction presented for 
2 s (e.g. 'Are the objects big?'), followed by a sequence of trials. 

In each trial, a picture was presented for 300 ms followed by a 
variable delay between 400 and 600 ms during which the screen 
was blank. Then, a response cue was presented for 1500 ms that 
prompted subjects to answer 'yes' or 'no', with a reminder of the 
category type in the centre of the screen (e.g. 'Yes BIG No'). 
Subjects responded by pressing a button with either their index finger 
for 'yes' or their middle finger for 'no'. The variable delay between 
picture confrontation and response allowed uncoupling of the pro- 
cesses involved in perception and decision making from the motor 
preparation and response. The categories were counterbalanced 
across subjects and individual trials were randomized. Training sessions 
preceded the testing using a separate set of 48 pictures (12 in each 
category). All experimental trials were included in data analysis, 
whether the final response was accurate or inaccurate. 

Data acquisition and processing 

Continuous magnetoencephalography data were collected with a 
306-channel Vectorview system (Elekta Neuromag), situated in a mag- 
netically shielded room, with one magnetometer and two orthogonal 
planar gradiometers located at each of 102 positions within a hemi- 
spherical array. Vertical and horizontal eye movements were recorded 
using electroculography electrodes. Four Head-Position Indicator coils 
were used to monitor head position at 5 Hz. The 3D locations of these 
coils and ~80 'head points' along the scalp, relative to three anatom- 
ical fiducials (the nasion and left and right pre-auricular points), were 
recorded using a 3D digitizer (Fastrak Polhemus Inc.). Data were 
preprocessed using AAaxFilter software (Elekta-Neuromag) and Brain 
Electrical Source Analysis (BESA 5.3). 

Data were high pass filtered to 0.1 Hz, with a notch filter at 50 Hz. 
The artefact rejection threshold was set to 2500 ft for magnetometers 
and 900ft for gradiometers. Eye blinks were corrected using the 
BESA5.3 adaptive artefact correction. Epochs were time locked to 
the picture onset, including data from 200 ms before stimulus onset 
to 1200 ms after onset and baseline corrected to 200 ms before onset. 
All trial epochs were averaged across each of the four blocks and then 
across each condition. 

Single subject source analysis used low-resolution brain electromag- 
netic tomography, LORETA, (Pascual-AAarqui et al., 1994), a type of 
distributed source analysis that computes a current distribution across 
the entire brain volume. Results are presented for gradiometer mag- 
netoencephalography channels on the averaged data for each individ- 
ual subject and also on the averaged data of all controls. Statistical 
comparisons between patients and controls used the Fieldtrip toolbox 
for between -subjects permutation testing (www.ru.nl/donders/field- 
trip) (Oostenveld et al., 2011). Six time windows were preselected, 
based on the time course of sources in the closely related task by Vihla 
et al. (2006). The time windows encompassed early visual analysis: the 
p50 (30-70 ms) and the N100 (80-120 ms); two mid-stage win- 
dows that spanned the parietal source peaks reported at 280 ms 
(250-31 Oms) and the temporal source peaks reported at 370 ms 
(340-400 ms); and two later decision stage windows between 
400-500 and 550-650 ms. Mean source densities ('activations') 
during these epochs were compared across all regions by permutations 
testing (1000 permutations), with grid size of 7 mm, using initial 
thresholding P < 0.05, prior to cluster-based statistical threshold to 
control the family wise error at P < 0.05 (family wise false positive 
rate under the null hypothesis of no group difference). This addresses 
the multiple comparisons problem in the presence of spatial non- 
independence. Two time windows revealed significant differences 



(Fig. 3), from which we extracted the patients' source densities in 
the peak of these temporal and frontal clusters. In two post hoc 
tests, these frontal and temporal peak source densities were correlated 
(Pearson's r, Bonferroni corrected for two multiple comparisons) with a 
clinical measure of attention subscale (Addenbrooke's Cognitive 
Examination, Mioshi et al., 2006) and semantics, respectively (Camel 
and Cactus Test, Bozeat et al., 2000; Adlam et al., 2010). 

Results 

Behavioural analysis 

In the control group, mean accuracy was 87%. In the patient 
group, response accuracy was >70% for seven patients, five pa- 
tients performed near chance (50-60%) and one patient had dif- 
ficulty pressing the keys with too few responses recorded. The 
high error rates in at least two of the patients were attributable 
to motor response perseveration as the same key was pressed 
repeatedly (>75% of the time the same key was selected). This 
compares with repetitive button presses in ~50% of trials in con- 
trols, as would be expected from the randomization of trial order. 

An ANOVA revealed that patients had significantly lower accur- 
acy than controls [F(1,26) = 44, P < 0.05], and that overall scores 
on the four semantic decision tasks differed significantly 
[F(1,26) = 10.4, P<0.05] with 'big' and 'small' decisions being 
less accurate than 'natural' and 'man-made' decisions. Decision 
type interacted with group [F(3,78) = 3, P < 0.05], reflecting par- 
ticular difficulty in decisions by patients for the 'small' semantic 
category. Reaction times to the response cue were slower and 
more variable for patients than controls [controls mean: 536 ms, 
standard error 29 ms; patients mean 791 ms, standard error 
122 ms; F(1,26) = 5.4, P < 0.05]. There were no significant differ- 
ences between the four task blocks (big, small, manmade, natural 
[F(3,75) = 3.2, P = 0.06]) and no interactions between patient and 
control groups with task block [F(3,78) = 3.5, P = 0.058]. Few 
subjects made any responses prior to the response cue, although 
reactions times were shorter on longer latency trials [F(2,52) = 9.8, 
P < 0.05]. However, there was no interaction between group, trial 
duration and reaction time (F < 1). 

Magnetoencephalography analysis 

Separate comparisons of different trial types confirmed that there 
were no significant magnetoencephalography differences between 
decision types (big, small, manmade, natural), and subsequent 
data were collapsed across all trial types. The average time course 
for the healthy controls over all trials (Fig. 2) showed bilateral 
occipital source activity extending from 100 to 200 ms, and 
again ~400ms, which follows the termination of the picture. 
Parietal sources were initially bilateral, but predominantly left 
sided, emerging from 120 to 200 ms, with further left and more 
anterior peaks from 240 to 360 and a late sustained left peak 
after 400 ms up to 650 ms. Temporal source activity was evident 
bilaterally between 190 and 240 ms, followed by primarily left 
temporal peaks emerging between 300 and 370 ms. Medial 
prefrontal sources were sustained throughout the task from 
~200ms accompanied by early bilateral prefrontal activity, 
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Figure 2 Average windows of activity for healthy controls. Clusters are shown for which source current density was significantly >0 
(P < 0.05 corrected for multiple comparisons by permutations testing) based on 16 healthy individual subjects' LORETA images. Times 
(ms) are with reference to the onset of the picture stimulus. 



followed by left frontal source activity from 400 to 500 ms. This 
spatial and temporal pattern is consistent with previous studies of 
closely related tasks (Thompson-Schill et ai, 1997; Vihla et ai, 
2006). 

Differences between patients and controls were analysed across 
six time windows. There were no significant group differences at 
30-70 ms, 80-1 20 ms, 340-400 ms or 400-500 ms after stimulus 
presentation. However, at 250-310 ms, left occipitotemporal, occi- 
pitoparietal and right prefrontal sources were reduced in patients 
(Fig. 3A). During the decision phase, there were no differences in 
the 400-500 ms window, but significant differences emerged be- 
tween 550 and 650 ms after stimulus presentation. Patients with 
behavioural variant FTD showed reduced source current densities, 
predominantly in the left hemisphere in frontotemporal, occipito- 
temporal and parietal cortex (Fig. 3B). 



In the 250-310 ms window, the peak difference was within a 
temporoparietal cluster, and patients' source amplitude in the left 
temporoparietal peak correlated with accuracy on the Camel and 
Cactus task (ft 2 = 0.45, P < 0.025 Bonferroni corrected, Fig. 3A). 
In the 550-650 ms window, the peak difference was within a 
cluster in the left frontal cortex, and peak source amplitude cor- 
related with the Addenbrooke's Cognitive Examination (Revised) 
subscale for attention and orientation (ft 2 = 0.43, P < 0.025, 
Bonferroni corrected, Fig. 3B). 



Discussion 

This study confirms that magnetoencephalography can be used to 
measure the effects of progressive behavioural variant FTD. Key 
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Camel and Cactus Score (%) Attention score (ACE-r) 

Figure 3 Significantly reduced amplitudes in patients compared with controls (P < 0.05, permutations tests), masked by activity in the 
control group. (A) Reduced amplitudes in the 250-310 ms time window. The most reduced source current density in the peak of the left 
temporoparietal cluster (indicated by the arrow) positively correlated with accuracy on the Camel and Cactus task of semantic knowledge 
(see plot). (B) Significantly reduced amplitudes in the decision phase, 550-650 ms. The most reduced source current density in the left 
frontotemporal cluster (indicated by the arrow) correlated with attention scores in the Addenbrooke's Cognitive Examination (Revised) 
(ACE-r). 



findings were that although neural correlates of early visual pro- 
cesses were intact, there were spatially and temporally defined 
abnormalities in frontal, temporal and parietal cortex. 
Furthermore, these spatiotemporally confined abnormalities corres- 
ponded to different stages of the semantic decision task and cor- 
related with clinical behavioural measures of cognitive functions. 

The data from the healthy controls were in line with previous 
imaging studies of picture categorization and confrontation tasks. 
Early responses in occipital and occipitotemporal cortex were fol- 
lowed by parietal responses emerging after 120 ms, and after 
240 ms, with peaks at ~150 and 250 ms, respectively. These par- 
ietal sources are congruent with previous electroencephalography 
and magnetoencephalography reports of early parietal activity at 
150 ms, and later parietal activity peaking after 250 ms (Levelt 
et al., 1998; Wang et al., 2000; Vihla et al., 2006; Liljestrom 
et al., 2009). Parietal activity after picture confrontation is sug- 
gested to be due to working memory, control of visual attention 
and/or generation of a mental representation of the object (Levelt 
et al., 1998; Vihla et al., 2006). 

Temporal sources were identified after the initial parietal 
sources, reaching a peak in inferior temporal cortex by 240 ms, 
with a later more superior peak between 300 and 370 ms. This is 



also consistent with previous reports of picture confrontation tasks 
(Levelt et al., 1998; Wang et al., 2000; Vihla et al., 2006; 
Liljestrom et al., 2009), and is likely to represent successive but 
interactive processes of object identification and semantic associ- 
ation in the ventral stream (Hauk et al., 2007; Patterson et al., 
2007). 

The patient group, as predicted, showed deviations from the 
normal pattern of temporal and parietal cortical activation. 
Patients had reduced activity in left temporoparietal clusters in 
the 250-310 ms window compared with the control group, al- 
though not in the later 340-400 ms time window when a temporal 
peak is also observed in health. The reduced temporoparietal clus- 
ter activity (250-310 ms) is consistent with impairments in seman- 
tic association, even of common objects. However, it might also 
result from reduced visual attention that would be expected to 
affect the early cortical responses in occipital and occipitotemporal 
cortex. Although none of these patients had a primary diagnosis of 
semantic dementia, deficits in semantic knowledge and association 
often exist in behavioural variant FTD (Cotelli etai, 2006; Rogers 
et al., 2006; Libon et al., 2007; Davis et al., 2010) as the two 
syndromes form part of the spectrum of frontotemporal lobar de- 
generation and overlap cases with both behavioural and semantic 
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features are common. Moreover, the patients' peak activity in this 
temporoparietal cluster correlated with scores on the Camel and 
Cactus task (Bozeat et al., 2000), which is used to probe semantic 
knowledge in FTD and was recently shown to correlate with the 
rostral fusiform region of the temporal lobe in a cohort comprising 
semantic dementia or mixed semantic and behavioural variant pa- 
tients (Mion et al., 2010). The Pyramids and Palm trees tests, on 
which the Camel and Cactus task is based, have also been corre- 
lated with grey matter loss throughout the anterior temporal lobes 
(Mummery et al., 2000; Williams et al., 2005). Taken together, 
these findings support the hypothesis that diminished temporopar- 
ietal sources reflect both temporal neuropathology in behavioural 
variant FTD and the observed behavioural semantic deficits. 

The semantic decision task was also associated with lateral pre- 
frontal cortical activity, bilaterally and most strongly after 500 ms 
for control subjects (Fig. 1). Prefrontal cortex has been linked with 
semantic categorization of pictures and visual semantic selection 
tasks (Thompson-Schill et al., 1997; Vihla et al., 2006), and the 
left inferior frontal cortex is necessary to mediate the selection of 
relevant semantic associations (rather than retrieval per se) to 
guide an appropriate response (Thompson-Schill et al., 1998; 
Jefferies and Lambon Ralph, 2006). In patients with behavioural 
variant FTD, the prefrontal cortical sources were diminished as 
early as 250-310 ms in concert with reductions in temporoparietal 
sources. However, a more extensive frontal impairment in behav- 
ioural variant FTD emerged later in the decision phase, between 
550 and 650 ms. The clusters of reduced activity are homologous 
to the significant activations of the bilateral inferior frontal gyrus in 
Thompson-Schill et al.'s (1997) semantic classification task. In the 
current study, the time course of lateral frontal cortical abnormal- 
ities is consistent with the principal role of this region in selection 
among semantic alternatives rather than semantic retrieval. 

Patients also had additional, predominantly left-sided, reductions 
in source activity in the decision phase of the task, 550-650 ms 
(Fig. 3B). Such late activity has been reported in studies of picture 
naming, although this may have been confounded by response 
preparation with reaction times to picture confrontation in 
younger subjects at ~500ms (Levelt et al., 1998). In the current 
study, we sought to uncouple the activity related to semantic de- 
cisions from the response by using a late and variable response 
cue, jittered between 700 and 900 ms after the stimulus onset. 

There are several possible explanations for the reduced fronto- 
temporal source activity in the 550-650 ms window for patients. 
First, source activity in this period may represent the neural cor- 
relate of the semantic decision process itself, with the response 
selection following retrieval of stimulus associations. The patients' 
magnetoencephalography abnormalities would, therefore, indicate 
directly their impaired semantic decision making. 

Alternatively, source activity in this late task period may repre- 
sent working memory for a prior decision or stimulus. Given that 
in tasks without a prolonged decision phase, semantic decisions 
can be made and acted on within ~500ms, it is unlikely that the 
stimulus is passively remembered until the end of the delay period. 
More likely is that a response is selected early, but remembered 
and/or prepared until the response cue after 700-900 ms. 
Evidence for this comes from source activity emerging at the left 
central sulcus after 600 ms, but shortly before the actual response 



is made. This central sulcal source is reduced in patients; patients 
may have failed to remember an earlier decision or chosen re- 
sponse. Working memory for stimuli or response sets is commonly 
associated with activity of a lateral frontoparietal network (Owen 
et al., 1998; Levy and Goldman-Rakic, 2000; Postle et al., 2000). 
Further, the reaction times for controls and patients were similarly 
affected by the jitter latency, indicating that responses were se- 
lected by subjects in advance, in preparation for the cue. Taken 
together, these factors suggest that the frontotemporal magne- 
toencephalography abnormalities in the decision phase, 550- 
650 ms, are not due to a deficit in working memory for the 
decision. 

A third contributor to the reduced frontotemporal source activ- 
ity in the 550-650 ms window may be invoking cognitive control 
to manage interference between trials, and in particular to inhibit 
prior responses to enable the correct current response. The inferior 
frontal gyri (bilaterally) are critical for response inhibition (Aron 
et al., 2003; Swick et al., 2008) and are active in tasks requiring 
high cognitive control as a result of trial to trial interference 
(Braver et al., 2003). In this study, it is notable therefore that 
two patients with behavioural variant FTD made very persevera- 
tive responses. 

There was no evidence that patients had additional sources or 
greater source activation indicative of compensatory enhancement 
within less affected cortex, in any region for any of the time win- 
dows. In patients and control subjects, we also found no differ- 
ence between types of categorization, despite previous reports of 
greater fusiform activity for the classifications of more visual attri- 
butes such as size (Thompson-Schill et al., 1997). 

There are potential limitations to our study. We included 12 
patients with behavioural variant FTD, of varying severity and it 
is very likely that our group includes different underlying tau and 
ubiquitin pathologies. These factors may have introduced unmo- 
delled variance that increases the risk of type II error. We did, 
however, maintain control of type I error, through the cluster- 
based permutations testing. Although key magnetoencephalogra- 
phy results did correlate with behavioural measures, each subject 
participated only once, and we do not know how within-subject 
effects progress over time. While we can infer magnetoencepha- 
lography differences at different levels of disease severity in our 
group, further work is required to know whether magnetoence- 
phalography changes progress within individuals during the course 
of their disease. This information would enable power calculations 
if magnetoencephalography were to be planned as a prognostic or 
therapeutic biomarker in future studies. We note, however, that 
before magnetoencephalography could be considered as a diag- 
nostic biomarker, sensitivity and specificity across other neuro- 
psychiatry disorders would be required, and our data are not 
sufficient for this. 

The behavioural performance of patients with behavioural vari- 
ant FTD was lower than controls. This can in general introduce an 
ambiguity in the interpretation of brain imaging or lesion studies 
(Price and Friston, 1999) and requires further consideration of the 
task components. The normality of early visual responses and the 
reaction times to response probes both indicate continuing task 
engagement by patients. In other words, the patients were view- 
ing the stimuli, and made appropriately timed responses to cues. 
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The semantic processing may in part be in response to visual cues 
[cf. Vihla et al. (2006): semantic and visual picture confrontation 
tasks consistently activate similar cortical sources in sequence], but 
in the current paradigm it is consistently contextually defined by 
the decision task and we cannot separate automatic from 
task-dependent semantic processing. The agreement of categorical 
judgements between patients and controls was low: the most 
likely explanation is a causal relationship between frontotemporal 
neuronal activity and semantic decision making. The magnetoen- 
cephalography thus provides additional spatiotemporal information 
about the physiological basis of this affected cognitive process. 
However, accuracy of responses can be affected by both poor 
decision making and response perseveration. At least two subjects 
perseverated substantially in the scanning session, with a high 
number of trial pairs in which the same motor response was 
made to both trials regardless of the accuracy of that response. 
The motor response may, therefore, not truly reflect the 
trial-specific semantic decision. A corollary of this type of motor 
perseveration is that it does at least indicate preservation of work- 
ing memory for responses over successive trials and argues against 
a failure of working memory as the basis of late magnetoence- 
phalography abnormalities. 

During source analysis, we used a canonical realistic head 
model, co-registered to fiducial markers and scalp. We did not 
use subject-specific MRI scans as these were not all available on 
a standardized sequence or close in time to the magnetoencepha- 
lography. It could be argued that group differences in atrophy 
confound the magnetoencephalography source analysis. We 
argue that this is not a sufficient explanation for the findings, 
for several reasons. First, for determining the optimal forward 
model for magnetoencephalography (not electroencephalography) 
required for source reconstruction, an individualized cortical mesh 
is not superior to a canonical model provided that a realistic 
boundary element head model is used (Henson et al., 2009). 
Unlike electroencephalography, the forward model in magnetoen- 
cephalography is most dependent on the inner skull surface, as the 
boundary with maximal change in conductivity (Hamalainen and 
Sarvas, 1989), and this boundary is a priori unlikely to change 
with behavioural variant FTD. Magnetoencephalography is much 
less dependent on the boundary between cortex and CSF, which is 
likely to change with significant cortical atrophy in behavioural 
variant FTD. Severe atrophy would of course move the 'true' cor- 
tical source further from the nearest gradiometers. Although mag- 
netic flux density declines rapidly with distance (as a cubic 
function), with realistic head models the errors in estimation of 
localization and amplitude of magnetoencephalography sources 
increase minimally even as sources move up to 2-3 cm deeper 
from the skull (Tarkiainen et al., 2003). Secondly, we used 
LORETA distributed source analysis, which constrains the inversion 
of channel to brain current source densities by a smoothness cri- 
terion. Although reducing the anatomical precision of sources, this 
is robust to minor between-subject differences in anatomy and 
functional topography. Furthermore, we found behavioural variant 
FTD abnormalities in posterior parietal and temporal cortex that 
depend on back projections from frontal cortex, but which can 
reveal relative preservation of grey matter in behavioural variant 



FTD by structural imaging (Williams et al., 2005; Pereira et al., 
2009; Whitwell et al., 2009; Gordon et al., 2010). 

In summary, our data demonstrate the utility of magnetoence- 
phalography to study the pathophysiology of cognitive effects of 
behavioural variant FTD. Specifically, we have identified the ef- 
fects of behavioural variant FTD on the neural correlates of a se- 
mantic decision task. The spatiotemporal specificity of these 
changes in frontotemporal and temporoparietal sources, and cor- 
relations with cognitive impairments, suggest that the effect of 
behavioural variant FTD includes contributions from abnormalities 
of both early semantic processing and later decision making. In 
particular, the frontotemporal deficits during the decision phase of 
the task (550-650 ms) are in contrast with normal early visual 
cortical sources 30-1 20 ms after presentation of stimuli. Further 
studies with magnetoencephalography will be needed in behav- 
ioural variant FTD and related disorders, both for replication and 
to assess the diagnostic specificity of the changes we observe. 
Nonetheless, our results provide clear, if preliminary, evidence of 
the link between cognitive and neurophysiological dysfunction due 
to behavioural variant FTD neurodegeneration, and raise the pos- 
sibility of using magnetoencephalography in conjunction with cog- 
nitive assessments as a biomarker of future candidate therapies. 
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